ABSTRACT Background: Few studies have compared lipoprotein composition with dietary intake. Objective: The lipoprotein subfraction profile was evaluated in relation to diet in Alaska Eskimos at high cardiovascular risk but with a low frequency of hyperlipidemia and high intake of n23 (omega-3) fatty acids. Design: A population-based sample (n = 1214) from the Norton Sound Region of Alaska underwent a physical examination and blood sampling. Analyses were from 977 individuals who did not have diabetes or use lipid-lowering medications and had complete dietary information (food-frequency questionnaire) and a lipoprotein subfraction profile (nuclear magnetic resonance spectroscopy). Results: After adjustment for age, BMI, total energy intake, and percentage of energy from fat, the intake of n23 fatty acids was significantly associated with fewer large VLDLs (P = 0.022 in women, P = 0.064 in men), a smaller VLDL size (P = 0.018 and P = 0.036), more large HDLs (P = 0.179 and P = 0.021), and a larger HDL size (P = 0.004 and P = 0.001). After adjustment for carbohydrate and sugar intakes, large VLDLs (P = 0.042 and 0.018) and VLDL size (P = 0.011 and 0.025) remained negatively associated with n23 fatty acid intake in women and men, and large HDLs (P = 0.067 and 0.005) and HDL size (P = 0.001 in both) remained positively associated with n23 fatty acid intake in women and men. In addition, large LDLs (P = 0.040 and P = 0.025) were positively associated in both sexes, and LDL size (P = 0.006) showed a positive association in women. There were no significant relations with total LDL particles in either model. Conclusions: Dietary n23 fatty acids, independent of the reciprocal changes in carbohydrate and sugar intakes, are associated with an overall favorable lipoprotein profile in terms of cardiovascular risk. Because there are no relations with total LDL particles, the benefit may be related to cardiovascular processes other than atherosclerosis.
INTRODUCTION
The role of diet in cardiovascular disease (CVD) 4 is complex. Dietary fats have been shown to influence lipoprotein concentrations. Although increases in the intake of saturated fat raise the concentration of LDL cholesterol, increases in the intake of n26 polyunsaturated fat lower LDL cholesterol, and increases in the intake of n23 polyunsaturated fatty acid lower the concentration of triglycerides (1) (2) (3) .
A cardioprotective effect of n23 fatty acids has been shown in epidemiologic studies and clinical trials (4) . Generally, changes in fat intakes are associated with reciprocal changes in carbohydrate intakes, which may influence lipoprotein concentrations, with the most consistent effect being an increase in triglycerides and VLDLs with an increased intake of simple carbohydrates (5) .
In addition to plasma lipoprotein concentrations, changes in the distribution of particles within each lipoprotein class in response to dietary intakes may be relevant to the development of CVD because the atherosclerotic process may be accelerated by variations in the composition of these lipoproteins (6, 7) . Proton nuclear magnetic resonance (NMR) spectroscopy provides information on the full spectrum of lipoprotein subfraction distribution and size and can be used in large population studies. However, to our knowledge, no population-based comprehensive data have been collected on the relations between dietary components and lipoprotein subfractions as determined by NMR.
The Genetics of Coronary Artery Disease in Alaska Natives (GOCADAN) study is a population-based study of CVD in Alaska Eskimos that provides an opportunity to explore associations between dietary components and lipoprotein composition in a population characterized by a rapidly changing lifestyle and, thus, a wide range of diets. The GOCADAN population varies widely in intakes of fatty acids as well as of carbohydrates and sugars. Moreover, rates of CVD in Alaska Eskimos are high (8) despite high HDL cholesterol and normal LDL cholesterol and triglyceride concentrations (9) . A previous study of dietary patterns in this population showed that lower triglycerides and higher HDL cholesterol were associated with a traditional dietary pattern, whereas a diet high in purchased beverages and sweets was associated with higher LDL cholesterol (10) . Our analysis also showed that the intake of n23 fatty acid was negatively associated with carotid intima-media thickness (IMT) but not with the presence or extent of plaque as measured by using ultrasound (11) . Another report suggested that relations with IMT vary by ethnicity (12) .
The variability in diets makes this population useful for exploring relations between dietary components and lipoproteins, and the availability of NMR allows the analysis of relations between dietary components and lipoprotein subclasses and thus provides an additional understanding of the role of diet in the modulation of cardiovascular risk.
In this article, relations between n23 fatty acid intake and lipoprotein particle concentrations and size are explored, and potential confounding by carbohydrate intake is examined in Alaska Eskimo participants of the GOCADAN study.
SUBJECTS AND METHODS

Study population
Details of the study protocol have been published (13, 14) . The GOCADAN population includes 1214 family members, aged 17-91 y, who are residents of 8 villages and the town of Nome in the Norton Sound Region of Alaska. Participants were recruited in 2000-2004. Except for one village, 74% of all age-eligible residents participated. Each participant underwent a physical examination, personal interview, collection of biological specimens, and diagnostic tests. Permission to conduct the study was granted by the Norton Sound Health Corporation and the institutional review board of each institution. Written informed consent was obtained from all participants.
For the current analysis, only participants with complete data on diet and lipoprotein particle measurements were included (n = 1059). Of the 1059 participants, individuals with diabetes as defined by 1998 WHO criteria (15) (n = 37) or who reported taking hypolipidemic agents (n = 62) were excluded. After these exclusions, 977 subjects were included in the final data set.
Measurements
Participants were seen in the fasting state. Anthropometric measurements, including height, weight, and waist circumference, were performed according to standard procedures (13) . Weight was measured to the nearest one-tenth of a pound. Waist circumference was measured with an anthropometric tape applied at the level of the umbilicus with the subject supine and was approximated to the nearest one-quarter of an inch.
Samples of whole blood, plasma, serum, and urine were collected from each participant and stored at -80°C until used. All laboratory methods have been published (13) . Plasma lipid concentrations were analyzed by using a conventional enzymatic chemistry analyzer (Vitros 950; Ortho-Clinical Diagnostics) with a dry multilayered analytic element coated on a polyester support (16, 17) . LDL cholesterol was calculated by using Friedewald's formula (18) .
Lipoprotein subfraction profile
A detailed lipoprotein subclassification was performed on plasma EDTA isolated by centrifugation (3000 rpm for 10 min at 4°C) and stored at -80°C for the NMR spectroscopy (19) with the use of a rapid, automated, commercially available assay (LipoScience Inc). Details of the NMR methodology have been published (19) . Briefly, the NMR technique uses the characteristic spectral signal broadcast by lipoprotein subfractions of different sizes as the basis for the quantification. The amplitude of the emitted signal is proportional to the number of terminal methyl groups of the 4 lipids (phospholipid, cholesterol, cholesterol ester, and triglyceride) contained within the particle of that size range and provides a direct measure of the particles present. The measured amplitudes of these subclass signals are directly proportional to the number of particles that emit the signal. Therefore, VLDL, LDL, and HDL subclasses can be estimated from the intensity of their NMR signals with the use of conversion factors. Weighted VLDL, LDL, and HDL particle sizes (nm diameter) were computed as the sum of the diameter of each subclass and multiplied by its relative mass percentage as estimated from the amplitude of its NMR signal. The following spectra resulted: large (V5 + V6, 61.0-220.0 nm), intermediate (V3 + V4, 36.0-60.9 nm), and small VLDL (V1 + V2, 27.0-35.9 nm); large (L3, 21. (20) (21) (22) , and intermediate HDL were combined with small HDL particles because of their small contribution to total HDL.
Dietary evaluations
Dietary habits were evaluated by using a food-frequency questionnaire (FFQ), which measured consumption during the previous year, on the basis of an FFQ that was previously developed for use in the region and validated with 24-h recalls (23) . The original FFQ was modified to include all major traditional and key foods (a total of 97 foods) that are available in small village stores and more details about specific fats and food preparation. The diet interviews were not conducted during any specific time of the year. The 20-to 30-min diet interview was conducted at the survey site in each community as part of the 2-h clinical interview. Interviewers used 3-dimensional food models to determine the amount, frequency, and seasonality of each food consumed. Quality-assurance procedures were adhered to during data collection, entry, and analysis. When the portion size was omitted, one standard portion was assumed; for omissions of season (7 records), all year was assumed, except for the categories bird and bird eggs, which, on the basis of reports of the other participants, were assumed to be consumed during the 10-wk spring season. Seal and salmon were the 2 main dietary sources of n23 fatty acids. Nutrient calculations were created with Nutrition Data System for Research (database version 4.06_34; University of Minnesota Nutrition Coordinating Center).
Statistical analysis
Data are presented as means 6 SDs, medians (IQRs), or geometric means (95% CIs) as specified. Sex differences were evaluated by using Student's t test for variables that were normally distributed and by Wilcoxon's rank-sum test for variables not normally distributed.
Relations between dietary components and lipoprotein subfractions (expressed as concentrations and sizes) were evaluated by using the quartile of intake for each major macronutrient. Comparisons among groups were performed by using ANOVA with adjustment for age and BMI. Because of the observed relations between n23 intakes and intakes of total energy and percentage of energy from fat, these measures were included in all models; models were run with and without adjustment for intakes of carbohydrate and simple sugars. Spearman's partial correlation coefficients between n23 fatty acids and lipoproteins were calculated; age, BMI, total energy intake, and intakes of total fat, carbohydrates, and simple sugars were controlled for.
A natural log transformation was applied to variables that were highly skewed. Back-transformed mean values are listed in the tables, where indicated. However, the transformed variables were used in the statistical analyses. All P values were 2-tailed, and P , 0.05 was considered statistically significant. Data were analyzed with SAS software (version 9.1; SAS Institute).
RESULTS
The main characteristics of the participants by sex are shown in Table 1 . Women had significantly higher BMI and insulin concentrations as well as lower blood pressure and higher HDL cholesterol. As previously reported (2), the lipoprotein profile differed by sex ( Table 2) . Compared with men, women had fewer total VLDL particles, fewer total LDL particles (because of markedly fewer small particles despite higher concentrations of the larger ones), and higher concentrations of total and large HDL.
The main dietary components consumed, as determined by the FFQ, are shown in Table 2 . In both sexes, the diet was rich in total fat (mean: 37%) and simple sugars (mean: 27%). As expected, the main sex difference in diet was a higher total energy intake in men. The intake of n23 fatty acids [median: 2.6 g/d (0.8% of energy) and 3.0 g/d (0.7% of energy) for women and men, respectively] was higher than generally observed in Western populations (24) but may be similar to that of some Japanese groups (25) .
Relations between dietary habits and lipoprotein profiles were evaluated by comparing the concentrations and sizes of lipoprotein fractions in women and men stratified by quartiles of nutrient intakes. In a multivariate model adjusted for age and BMI, significant trends were shown in key lipoprotein measures with an increasing total energy intake as follows: fewer total VLDLs (mean 6 SD across increasing quartiles: 64.6 6 28.7, 66.1 6 33.3, 59.4 6 27.9, and 57.9 6 26.0 nmol/L; P-trend = 0.043) and small VLDL (45.5 6 19.5, 46.5 6 22.1, 42.3 6 18.8, and 40.0 6 17.9 nmol/L; P-trend = 0.021) in women and more HDL particles (26.2 6 5.8, 27.4 6 5.7, 26.8 6 5.3, and 28.1 6 6.0 nmol/L; P-trend = 0.043) in men. Significant trends were also shown with increasing total fat intakes as follows: fewer large VLDLs (0.67 6 6.20, 0.55 6 6.44, 0.39 6 6.36, and 0.43 6 7.47 nmol/L; P-trend = 0.014) and greater HDL size (9.11 6 0.47, 9.23 6 0.50, 9.24 6 0.46, and 9.32 6 0.47 nmol/L; Ptrend = 0.014) in women and fewer large VLDLs (0.85 6 5.17, 0.56 6 6.89, 0.48 6 7.48, and 0.47 6 7.46 nmol/L; P-trend = 0.046) in men. Therefore, all subsequent analyses were adjusted for total energy and total fat intake.
In women ( Table 3 ; see supplemental figure under "Supplemental data" in the online issue), a higher n23 dietary intake was associated with significantly fewer large VLDL particles, a smaller VLDL size, fewer small and medium HDL particles, and a larger HDL size. In men, a higher intake of n23 fatty acids was associated with a trend for fewer large VLDLs (P = 0.064), significantly more small VLDL particles, and a significantly higher large HDL particle concentration and larger HDL size. More large LDLs (P = 0.051) and a larger LDL size (P = 0.020) were also associated with a higher n23 intake in men. Intakes of n23 fatty acids and carbohydrates and sugars were inversely related. Higher intakes of n23 (from the first to fourth quartiles) were associated with a lower percentage of intake of carbohydrates and simple sugars in women (carbohydrates: 52.6-44.3%, P , 0.0001; sugars: 30.4-24.5%, P , 0.0001) and in men (carbohydrates: 51.7-45.2%, P , 0.0001; sugars: 29.5-24.4%, P = 0.002). When relations between carbohydrate intakes and lipoproteins were examined, higher intakes of total carbohydrates were associated with higher concentrations of large VLDLs and chylomicrons in both sexes, and higher sugar intakes were associated with lower concentrations of large HDLs in women (P = 0.025) and higher concentrations of small HDLs in men (P = 0.046).
We evaluated whether relations between n23 fatty acids and lipoproteins were independent of carbohydrate and sugar intakes ( Table 4) . After additional adjustment for carbohydrates and simple sugars, all relations except small VLDLs in men remained significant; in addition, n23 fatty acid intakes were correlated with higher large LDL concentrations in women and men and with a larger LDL size in men. When analyses were run that included smoking and alcohol intake in the model, results were unchanged.
DISCUSSION
To our knowledge, this study was the first to examine relations between the dietary intake of n23 fatty acid and the lipoprotein profile as evaluated by using NMR spectroscopy. This analysis was conducted in a population with a rapidly changing lifestyle that has led to wide ranges in n23 fatty acid intakes. A higher intake of n23 fatty acid was associated with lower concentrations of large VLDLs, a smaller average VLDL size, a higher large HDL concentration, and a larger HDL size in both sexes. Large LDL concentration and LDL size were higher with an increasing intake of n23 only in men and small and medium HDLs were lower only in women. These relations were independent of age, obesity, total energy intake, and total fat intake. Although carbohydrate and sugar intakes also were related to VLDLs, the differences in lipoprotein variables with higher n23 intakes were independent of changes in carbohydrate and sugar intakes, and relations with large LDLs became significant in women.
A large body of evidence from observational studies and clinical trials has clarified that higher intakes of foods or dietary supplements that contain n23 fatty acids lead to lower plasma triglyceride concentrations and higher HDL cholesterol (3). The current analysis of lipoprotein subclass distribution provides insight into the mechanisms of these changes. The observed lower large-VLDL concentration and smaller VLDL size with higher n23 intakes may reflect enhanced catabolism of VLDL, leading to lower concentrations of circulating triglycerides. Although concentrations of smaller VLDLs were not decreased, larger LDL particles in men were observed with higher n23 intakes in the current analysis. These relations between the n23 fatty acid intake and lipoprotein particles in a general population are compatible with kinetic studies in insulin-resistant obese men with dyslipidemia that show an increased conversion of VLDL to LDL particles with fish-oil supplements (26) . In turn, the accelerated catabolism increases the availability of triglycerides for exchange with the HDL compartment; this mechanism might explain our observed increasing large and decreasing small and medium HDL concentrations and higher particle size with higher intakes of n23 fatty acids. This finding is also consistent with previous studies of n23 fatty acid supplementation showing that the cholesterol content shifts from HDL3 particles to the larger HDL2 particles (27) . In the presence of enhanced catabolism of large VLDLs, reduced cholesteryl ester transfer protein activity (28) would be expected to reduce the triglyceride and cholesterol ester exchange with HDL. Because this activity results in less replacement of HDL cholesterol with triglycerides, this eventually may lead to the prevalence of large HDL particles because the relative lack of triglycerides makes them more resistant to the action of hepatic lipase (29) . At the same time, the impaired cholesteryl ester transfer protein-mediated triglyceride transfer to LDL would also increase the proportion of cholesterol 4 Plasma lipid values were determined by using conventional methods.
in LDL and, thus, increase the prevalence of large LDLs, as was observed in men in the current study. In contrast, the differences observed with n23 fatty acid intakes in the current analysis may have resulted from effects on hepatic triglyceride and VLDL production (26) ; the specific physical properties of n23 fatty acids may favor the output of smaller VLDL particles. Again, this possibility could explain the presence of larger LDLs (30), but alternative mechanisms, perhaps driven by the specific effects of n23 fatty acids on phospholipid configuration, are needed to explain the higher number of large HDL particles. These possibilities cannot be evaluated further in observational analyses and await additional metabolic studies.
Relations between n23 intakes and lipoprotein fractions were independent of the carbohydrate and sugar intakes that were associated with opposite trends for lipoprotein classes. In particular, after correction for carbohydrate and sugar intakes, relations between n23 and LDL subclasses were enhanced in both sexes. It is known that an increased intake of carbohydrates, particularly of simple sugars and carbohydrates with a high glycemic index, can increase concentrations of small, dense LDLs and HDLs (31) , but because the adjustment enhanced the relations, our analyses suggested that the observed relations with n23 fatty acids were not due to differences in carbohydrate intakes.
In the current study, the differences in lipoprotein profiles with higher n23 fatty acid intakes were generally favorable in terms of CVD risk. Observational studies and clinical trials have established that the intake of n23 fatty acids, either from fish or dietary supplementation, is associated with lower rates of CVD (4) . Clinical trial data have suggested that this benefit was mainly due to decreases in sudden death and arrhythmic events (32, 33) , but some trials have also shown reductions in atherothrombotic events (34) and vascular reactivity (35) . HDL particles are known to have antiinflammatory properties, protect LDL from oxidation, and improve endothelial function (36) ; thus, the increase in HDL particle concentrations would be associated with these beneficial effects and is consistent with reduced CVD events. Moreover, large HDL particles (HDL2) are thought to be more atheroprotective than small HDL (HDL3) (37, 38) . In the Multi-Ethnic Study of Atherosclerosis cohort, NMR studies of lipoprotein particles also confirmed that large HDL particles were inversely correlated with IMT (20) . Recent analyses of the Multi-Ethnic Study of Atherosclerosis study also suggested an inverse relation between large HDLs and CVD events (39) . The role of VLDL in CVD is less well understood. Large VLDLs are believed to be less atherogenic, whereas small VLDLs have been shown to penetrate the vessel intima (40, 41) . We observed a smaller VLDL size with a higher n23 fatty acid intake, but this effect may not increase atherosclerosis because it was not accompanied by an increase in small particles.
We previously reported that the major associations between lipoprotein composition and carotid measures are with LDL in the GOCADAN population, in which higher concentrations of LDL particles were associated with increasing IMT and smaller VLDLs, but a larger LDL size was associated with plaque (22) . n23 Fatty acids have been reported to modulate atherosclerosis progression by inhibiting cholesterol delivery to the arterial wall and by reducing total LDL cholesterol ester uptake and LDLselective uptake through the regulation of arterial lipoprotein lipase concentrations (42) . Although the associations with IMT are consistent with a beneficial effect of n23 intake, the current associations of n23 with larger LDL size in men and smaller VLDLs in both sexes would appear to have an adverse effect. However, the LDL particle number has been shown to be a more important determinant than LDL size (6, 7, 20, 37) . More studies are needed to understand the complex relations between VLDL and LDL compositions and CVD. In this population, other factors, such as high levels of inflammation from subclinical infections (43) and high smoking rates (8) may also modulate lipoprotein particle-vessel wall interactions.
The strengths of this study include the large, population-based sample, the availability of dietary data obtained with an FFQ developed for use with this population, and the availability of standardized lipoprotein subfraction data. This cohort is relatively homogeneous, with a wide range of n23 fatty acid intakes. On the other hand, this study was confined to one unique ethnic group, and data are needed in other populations. Also, because the diet analysis focused on nutrients, it was not possible to determine whether unique aspects of specific foods might be responsible for some of the findings. This study was limited by its cross-sectional design and an examination of various closely related variables. To address this limitation, we narrowed our analyses and used fully adjusted models. A confirmation of the current findings awaits longitudinal and metabolic studies. In conclusion, lifestyles are rapidly changing in this unique population. These lifestyle changes are associated with dietary changes; persons who consume a traditional diet consume more n23 fatty acids and less carbohydrates and sugars, whereas individuals with a more Western lifestyle often consume diets that are high in carbohydrates and sugars (10) . The current data suggest that this dietary transition influences lipoprotein concentrations and sizes, with the changes, on balance, being adverse in terms of cardiovascular risk. Dietary n23 fatty acids are associated with a lipoprotein profile that is, overall, favorable in terms of cardiovascular risk. Because no relations with LDL particle numbers were observed, the benefit may be related to cardiovascular processes other than atherosclerosis. These findings should be considered in the implementation of education programs to counsel individuals on healthier food choices when traditional foods are not available.
